In order to understand the alkali elution behavior of steelmaking slag under continuous flow, a kinetic study was carried out by continuous stirred tank reactor (CSTR). Tap water and seawater were used for measurements of circumferential velocity and temporal change in pH, respectively. Liquid was fed into the vessel and flowed constantly during the impeller rotation operation in the vessel. The effect of the various operating factors such as vessel inner diameter, slag size, slag composition, ratio of liquid volume to mass of slag, seawater feed rate, impeller height from the slag, impeller rotation speed etc. were investigated.
Introduction
Utilization of steelmaking slag in the ocean area 1, 2) has attracted increasing attention from its feature to control the seawater contamination [3] [4] [5] [6] or to dissolute the nutrition elements into seawater. [7] [8] [9] [10] [11] On the other hand, there are several studies on the elution of environmentally-controlled fluorine into the seawater. [12] [13] [14] When steelmaking slag is being dropped into the seawater or when it has been piled on the sea bottom, the surrounding sea area might become cloudy due to Mg(OH) 2 generated by the reaction of Mg 2 + originally existed into the seawater and OH − dissolved from the steelmaking slag. Thus, the alkali elution behavior of steelmaking slag in the ocean area must be understood in a careful manner.
As a test to determine the white turbidity easily, there exists a method to observe milky spot after the stirring of real or artificial seawater on the steelmaking slag. 1) Kanayama et al. 15) observed the white precipitate and turbidity due to Mg(OH) 2 formation after one to seventy two hours and showed that it was suppressed by the mixing of the steelmaking slag with the dredged soil. However, the effects of slag nature and operating factors on the alkali elution behavior were not found out within one hour when the alkali dissolution might reach a peak. Tamaki et al. 16) carried out the kinetic study on the alkali elution behavior for one hour and found that the several operational factors such as impeller rotation speed, diameter of slag piece, etc. affect the alkali elution behavior. Kanayama et al. 17) also built an analytical model on the alkali elution through slag layer. However, it might be difficult for the above batchtype column test to predict the alkali elution behavior in the real continuous flow of the ocean. Thus, a kinetic study on the alkali elution from steelmaking slag into the seawater was carried out by using the vessel with completely-mixed flow where seawater was fed continuously. Figure 1 shows the schematic view of experimental apparatus. There is a liquid inflow hole at the upper part of cylindrical vessel made of acryl and a liquid outflow hole at the lower part. The inner diameter of both of the inflow and outflow holes is 2.0 × 10 − 2 m. Tap water was used for liquid velocity measurement, whereas the seawater at Ushimadocho, Setouchi City, Okayama, Japan was used for the alkali elution experiment. After setting the steelmaking slag and the seawater in the vessel, fluid was rotated by an impeller of 7.5 × 10 − 2 m in diameter (d impeller = 7.5 × 10 − 2 m). No slag was placed for fluid velocity measurement. Three kinds of vessels were used with inner diameters of 15.6 × 10 − 2 (base), 22.6 × 10 − 2 and 30.0 × 10 − 2 m, respectively. Fluid circumferential velocity was measured by an electromagnetic velocity meter (KENEC, VM-1001). The velocity sensor tip was set at a quarter of inner diameter apart from the vessel wall and at the height of 0.5 m from the slag surface. The pH value was measured at the outflow hole after it was confirmed that it agreed with the pH value near the outflow hole inside the vessel.
Experimental

Experimental Method
Samples and Experimental Conditions
The photographic image of steelmaking slag used for experiment is shown in Fig. 2 . The diameter range and the average diameter of the slag particles are given in Table  1 and the chemical compositions in Table 2 . The average diameter, < d > (m), of slag B, C or D assumed as a spherical shape was obtained from sampling a portion of each slag pieces, measuring their number, n slag , and mass, w slag (kg), and then calculating by Eq. (1). Tables 1 and 2 .
The experimental conditions of alkali elution experiment are shown in Table 3 
Results and Discussion
Effect of Impeller Rotation Speed and Seawater Feed Rate to Vessel on Seawater Circumferential
Velocity in Vessel Figure 3 shows the relationship between circumferential velocity, u, and impeller rotation speed, N, when tap water feed rate, Q, was changed from 0 to 2. the lower part of Fig. 5 had also showed the same tendency. Both of the pH and [OH − ] values without rotation varied more widely than those with rotation. It seems to be due to a lack of complete mixed state in the vessel.
The longitudinal pH distribution in the vessel is shown in Fig. 6 under the standard conditions (Run 1). The radial position was at the half of vessel radius from the inner wall. The almost constant pH values at the upright direc- in the upper part of Fig. 5 
. (3)
The schematic view of the alkali elution behavior in the vessel is shown in Fig. 7 According to Tamaki et al., 16) k and α obtained from buffer effect of pH by carbonic acid in the seawater are defined as Eqs. (8) and (9) 
........ (9) where α: constant for alkali elution from steelmaking slag into seawater. Thus, Eq. (7) is rearranged to Eq. (10), using Eqs. (8) and (9). 
Effect of Operational Factors on Alkali Elution Rate
The relationship between liquid side mass transfer coefficient, k, and u is shown in Fig. 8 (Run 1, 5-8) . , respectively. It was found that the alkali elution rate was not affected by L/S in these conditions.
The relationship between k and the average slag diameter, < d > , is shown in Fig. 10 (Run 1, 9-10) . The values of ϕ, , respectively. The penetration ratio, P (%), 16) of water defined as P≡k/k True ( − ), is also shown in the right side of the vertical axis where k True denoted the average k at < d > ≧1.0 × 10 − 2 m. The broken line denoted P in the batch experiment. 16) The k or P value decreased at < d > ≦1.0 × 10 − 2 m as well as the batch experiment, although its decreasing rate was smaller. The difference between the batch and this study resulted from the value, < d > =0.48 × 10 − 2 m, was obtained from half of d = 0.95 × 10 − 2 m, which was not measured precisely due to its fineness.
The relationship between k or u, and impeller height, H, from the slag surface is shown in Fig. 11 (Run 1,  11-12) . The values of φ, < d > , L/S, Q and N were fixed to be 15. , respectively. The alkali elution rate as well as the circumferential velocity did not depend on the impeller height. Although k was expressed as a function of u in Fig. 8, u was not affected by the impeller height. Thus, k suffered no effect from H. , respectively. The u value decreased with an increase in φ at the same rotation speed due to the larger liquid volume as shown in Fig. 4 , which resulted in the smaller k value for larger vessel diameter.
Non-dimensional Correlation Equation Effect of
Alkali Elution Rate The relationship between k and u is shown in Fig. 13 . Q was fixed to be 0.83 × 10 − 5 m 3 /s, and both of slags C and D were involved in these conditions. The significant difference of k between slag C of (%f.CaO) = 3.65 and D of (% f.CaO) = 6.11 was not recognized. The regression expression of k was given by Eq. (11). Although the exponent of u was almost the same as the batch experiment 16) shown in Fig. 13 , the k values were slightly higher at the same u value.
When u was fixed to be 13.0 × 10 − 2 m/s by regulating the impeller rotation speed, the relationship between k and Q is shown in Fig. 14 (Run 1-4 Subsequently, the non-dimensional correlation equation of alkali elution rate was examined by using the date shown in Figs. 13 19) were used for the calculation of k in Eq. (8)'. The particle Reynolds number defined by Eq. (14) is introduced because the u values correlate with the impeller rotation speed, N. The multi-regression analysis using Eqs. (13)- (15) 
Conclusions
Kinetic study on alkali elution from steelmaking slag to seawater was carried out by continuous stirred tank reactor (CSTR) and the following results were obtained.
(1) The circumferential velocity in the vessel was not affected by the impeller rotation speed.
(2) The alkali elution rate increased with the increase in the impeller rotation speed, that is, the circumferential velocity.
(3) The alkali elution rate was not influenced by the ratio of liquid volume to mass of slag and impeller height from the slag surface.
(4) The alkali elution rate decreased with the decrease in diameter of slag particle below 1.0 cm due to the insufficient seawater penetration between slag particles.
(5) The alkali elution rate increased with the increase in seawater feed rate at the same circumferential velocity.
(6) When seawater was fully penetrated between slag particles, the relationship of the mass transfer coefficient, k (m/s), circumferential velocity, u (m/s), and seawater feed rate, Q (m 3 /s) was expressed by k∝u 0.35 Q 0.37 . 
